Electric double-layer capacitors (EDLCs) store electrical energy at the interface between charged electrodes and electrolytes and are higher-power devices than batteries. However, the amount of energy stored in EDLCs cannot compete with that in batteries. In this contribution, we describe the development of new EDLCs that can store about as much energy as lead-acid and nickel metal hydride (NiMH) batteries but operate at much higher power densities than achievable using batteries. The electrode materials are derived from carbon nanotubes (CNTs) synthesised from CCl 4 and ferrocene at 180 °C, which is drastically lower than the temperatures usually used to synthesise CNTs. By chemically activating the CNTs using KOH, Bruneuer-Emmett-Teller (BET) surface areas reach ~3000 m 2 g −1 , which is orders of magnitude higher than those typical of CNTs, and exceeds even that of pristine graphene. Gas sorption analysis shows that the samples activated at 900 °C contain a mix of 
Introduction
The development of methods for storing electrical energy from alternative but intermittent power sources such as wind turbines and solar panels is an increasingly-important challenge and two of the most promising electrochemical solutions are batteries and EDLCs (sometimes called ultracapacitors or supercapacitors).
1,2
Unlike batteries, in which charge is stored through faradaic charge-transfer reactions, energy is generally stored in EDLCs through simple electrostatic accumulation of charge at the interface between carbon electrodes and liquid electrolytes so these devices can operate at higher charge/discharge rates than batteries (i.e., at higher powers). As no significant structural or chemical changes of the electrode materials occurs during charging/discharging, EDLCs also exhibit significantly longer lifetimes than batteries. 3, 4 However, because they only store charge at the electrode/electrolyte interface, the specific energies, E s , of EDLCs are generally significantly lower (~4-5 Wh kg −1 ) than those of batteries (~20-400 Wh kg −1 ) and increasing the energies of EDLCs is a important goal with major societal consequences.
5,6
In EDLCs, E s = ½CV 2 , where C is the device capacitance and V is the voltage, so increasing E s involves increasing V and/or the specific capacitance of the electrode materials, C s . V can be increased by judicious choice of electrolyte; while cells containing aqueous electrolytes are limited to <1.2 V due to the decomposition of water at higher voltages, some organic and ionic-liquid (salts that are liquid below 100 °C) electrolytes can have electrochemical windows up to 3 V and 5 V wide, respectively. 7, 8 C s can be increased by introducing heteroatoms such as oxygen, 9,10 nitrogen, 11, 12 or sulfur 13, 14 into the carbon structure, or by forming composites with materials such as Ni(OH) 2 , 15, 16 MnO 2 , 17, 18 polyaniline, 19, 20 and polypyrrole. [21] [22] [23] Introduction of such pseudocapacitive components, which store charge through faradaic processes, into EDLC electrodes can increase C s drastically but often at the expense of increased cost and decreased device lifetimes. Perhaps the most common 4 strategies for increasing C s in EDLCs are to develop carbon electrode materials with very high specific surface areas (SSAs), and activated carbons (ACs) and graphenes have proven particularly popular. [24] [25] [26] [27] [28] [29] [30] potentiostat (CH Instruments, Austin, TX, USA). Powder X-ray diffraction (XRD) analysis was performed using a Bruker D8 Advance powder diffractometer using Cu K α radiation (λ = 1.5406 Å) and operating at 40 kV and 40 mA. Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600 analyzer from room temperature to 1000 °C at 10 °C min −1 in air. Nitrogen sorption isotherms were determined at −196 °C using a Micromeritics ASAP 2020 sorptometer. Scanning electron microscopy (SEM) images were recorded using an FEI XL30 microscope and transmission electron microscopy (TEM)
images were obtained using a JOEL 2000-FX electron microscope operating at 200 kV.
2.2
Synthesis of Carbon Nanotubes. In a typical synthesis, ferrocene (3.0 g) was dissolved in CCl 4 (100 mL) to give a yellow mixture, which was stirred at room temperature until completely homogenous. Nickel (10 g) was then added to the mixture, which was heated in an autoclave at 180 °C for 6 hr. The product was then recovered by filtration and washed sequentially with ethanol, 2.0 M HCl and water, and then dried in air to give about 14 g of carbon. To remove non-carbonaceous matter, the product was washed in 15.8 M HNO 3 for 24 h and the resulting material was recovered by filtration and then washed sequentially with ethanol and water.
Activation of the acid-washed materials was performed at KOH/CNT mass ratios of 2:1. The required amount of KOH was crushed to a powder and thoroughly mixed with each CNT sample. The mixtures were placed in a tube furnace and heated at a ramp rate of 3 °C min −1 to temperatures between 600 and 900 °C and held at this temperature for 1 hr. The activated materials were then stirred in 2.0 M HCl at room temperature until all inorganic impurities were removed (as confirmed by TGA). The carbons were then filtered, washed with deionised water, and dried at 100 °C for 6 hr. The materials were designated as CN2T, where 2 is the KOH/CNT ratio and T is the activation temperature (°C).
Materials Characterisation.
Surface areas of carbons were determined using the BET method based on adsorption data in the relative pressure (P/P o ) range 0.02-0.22. Prior to analysis, the samples were evacuated for 12 hr at 200 °C under vacuum and the total pore volume was calculated from the amount of nitrogen adsorbed at P/P o = 0.99. Micropore volumes and surface areas were obtained from t-plot analyses and pore size distributions were obtained from non-local density functional theory (NLDFT) using nitrogen-sorption data.
SEM data were recorded by mounting samples on a conductive carbon tape and sputtercoating with a thin (ca. 10 nm) film of Au-Pd to reduce the effects of sample charging. TEM images were obtained by suspending small amounts of the samples in ethanol, which was then deposited and dried on a holey carbon film on a copper grid. Each electrolyte was bubbled with N 2 for 30 min before soaking into the separator and assembled EDLCs were sealed using laboratory film.
Electrochemical

Results and Discussion
The SEM and TEM images in TGA of the washed carbon confirmed that it is entirely carbonaceous with no residual 9 Figs. 1D-F show cyclic voltammograms (CVs) recorded using symmetrical EDLCs containing electrodes made with the various carbons, and aqueous KCl, KOH, and H 2 SO 4 , respectively, as electrolytes. In this figure, currents have been converted to C s values using the relationship C s = 4I/mυ, where m is the total mass of carbon on the electrodes and υ is the voltammetric scan rate. 48 While the CVs generally show the rectangular shape expected of capacitors, those recorded using carbons activated at higher temperatures (CN2700, CN2800
Figure 1. (A) SEM image of acid-washed CNTs, (B) SEM image of material formed by activating CNTs at a C:KOH ratio of 2 and at 800 °C, (C) TEM image of material formed by activating CNTs at a C:KOH ratio of 2 and 600 °C. Parts D-F show
and CN2900) are more rectangular than those recorded using CN2600. In addition, those
CVs recorded in acidic and neutral electrolyte are more rectangular than recorded using the alkaline electrolyte, most likely due to the high viscosity of the alkaline solution. Average C s values are shown in Table 1 , which shows that C s is generally higher in the acidic electrolyte.
It is also clear from the data in Table 1 that increasing the activation temperature results in an increase in C s and the CN2900 sample has a C s of 172 F g −1 in H 2 SO 4 , which is drastically higher than expected for a CNT-based electrode material, 40 as high as that expected for ACs in aqueous electrolytes, 4 and higher than recorded for graphene in aqueous and organic media. 49 Figure 3G shows the effect of υ on the CVs recorded using CN2900 sample in H 2 SO 4 , and demonstrates that the rectangular shape is retained in the aqueous electrolyte up to at least 0.5 V s −1 , indicating that ion transport throughout the carbon structure was fast.
Given that the combination of the CN2900 sample and H 2 SO 4 electrolyte seemed most promising for EDLCs, this combination was further analysed using galvanostatic chargedischarge (GCD) analysis (Figure 2A ). In each case, an approximately symmetrical chargedischarge curve was obtained, as expected for a predominantly capacitive response when charge propagation through the electrode structure is relatively fast. C s values were obtained from the slopes of the discharge curves recorded using each sample (at 50% discharge) using
where m is the total mass of carbon on the electrodes and dV/dt is the slope of the discharge curve) 48 and are also shown in Table 1 . In general, the C s values are slightly lower than those determined from the CV analysis (most likely due to the error associated with extracted C s values from the slightly non-linear GCD curves) but the general trend is the same, with the CN2900/H 2 SO 4 combination yielding the highest C s . Fig. 2B shows a decrease in C s of about 25% upon increasing the discharge current density from 0.1 A g −1 to 10 A g −1 . However, most of the C s drop occurs below 2 A g −1 and the large current density range in which C s remained near 100 F g −1 is promising for the development of devices that require operation over a range of current densities.
Electrolyte Method CN2600 CN2700 CN2800 CN2900 
Figure 2. (A) Galvanostatic charge-discharge curves recorded using symmetrical EDLCs containing CN2900 electrodes and 2.0 M H 2 SO 4 at 1 A g −1 and 3 A g −1 . (B) Effect of increasing the discharge current density on the specific capacitance of the CN2900 electrodes. (C) CVs recorded at 5 mV s −1 using cells containing CN2900 electrodes and (black line) aqueous H 2 SO 4 , (red line) [EMIM][BF 4 ] and (blue line) [BMIM][BF 4 ]. (D). Galvanostatic charge/discharge currents recorded using cells containing CN2900 electrodes and (black line) [EMIM][BF 4 ] and (red line) [BMIM][BF 4 ].
The high C s of the activated samples can be rationalised by examining their porosity and, in particular, pore-size distributions (PSDs). Samples CN2600 and CN2700 exhibit Type-1 isotherms typical of microporous materials, while the isotherms of CN2800, and particularly CN2900, show evidence of the presence of both micropores and significant mesoporosity ( Figure 3A) . Therefore, there is a shift from microporosity to mesoporosity as the activation
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Figure 3. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of carbon samples. (C) Plot of specific capacitance versus the specific surface area of the activated samples in 2.0 M H 2 SO 4 , 2.0 M KCl and 6.0 M KOH.
temperature increases. The PSD curves ( Figure 3B) show that the CN2600 sample is made up mostly of narrow micropores with sizes below 7 Å (Table S1 in the Supporting Information). However, as the activating temperature increases, the proportion of larger pores C between 8 and 13 Å increases, to the extent that sample CN2900 shows a new pore maximum at 13 Å, along with a large proportion of mesopores in the range 20-50 Å. Furthermore, upon activation at successively higher temperatures, the SSAs increase from 1479 m 2 g −1 for CN2600 to 2676 m 2 g −1 for CN2900, with micropore surface areas of 1400 m 2 g −1 and 801 m 2 g −1 , respectively. Therefore, the high proportion of mesopores in the CN2900 sample allows access of charge-balancing counterions to the carbon surface during charging/discharging. It is also notable that the sample activated at 800 °C has the highest BET SSA (2925 m 2 g −1 , which approaches that of activated graphene 33 ) but with a larger proportion (ca. 87%) of the surface area arising from micropores, demonstrating that inaccessibility of the carbon surface to counterions limits C s at very high SSAs (Fig. 3C) . 50 These results demonstrate that the high C s of the CN2900 sample results from a trade-off between the high mesoporosity, which allows access of ions during charging/discharging, and the high SSA imparted by activation.
One of the most promising strategies for increasing V is to use ionic liquids as they can exhibit potential windows up to 5-V wide and so can potentially be used to fabricate high-E s devices. [51] [52] [53] Figure 2C shows Figure 2C ). Figure 2D shows that approximately symmetrical charge-discharge curves are recorded over a 3-V range. C s values were determined using the CVs recorded at 5 mV s Figure 4 . In the Nyquist plots, the lower left portions of the curves correspond to the higher frequencies and the right portion to lower frequencies. Upon changing the electrode material from CN2600 to CN2700, CN2800, and CN2900, the plots recorded using the aqueous cell become successively more vertical in the low-frequency regions ( Figure 4A ), indicating that the behaviour becomes more dominated by capacitance upon changing to the carbon activated at higher temperatures.
Only the CN2600 sample exhibits a Warburg-like (approximately 45° line) response as the frequency changes, due to the impedance associated with diffusion of ions into the more microporous material. The responses from the cells containing the ionic liquids show a highfrequency semi-circle, a Warburg-type (45°) response upon entering the low-frequency region and similar gradients to each other in the low frequency region. The high-frequency intercepts in each plot are associated with the solution resistance and, as expected, the resistances are similar for the cells containing H 2 SO 4 . The high-frequency intercepts are higher when using the ionic liquids than when using the aqueous electrolytes, due to the higher resistance of the ionic media, and the intercept is slightly higher for the [BMIM]-containing cell than the [EMIM]-containing cell due to the lower conductivity of the liquid containing the larger cation. 55 The semicircles in Figure 4B are associated with chargetransfer resistance, and their absence from the plots obtained using the cell containing H 2 SO 4 indicates that charge transfer is significantly faster in the cells containing the aqueous electrolytes. Table S2 in the Supporting Information. Fits to the data are shown by the markers.
Figure 4. Nyquist plots recorded in the frequency range 100 kHz-0.01 Hz using symmetrical EDLC cells containing (A) 2.0 M H 2 SO 4 and (B) [EMIM][BF 4 ] and [BMIM][BF 4 ] (solid lines). The Nyquist plots were fitted to the Randles equivalent circuit shown in C with best-fit values shown in
Each experimental Nyquist plot could be fitted to the simple equivalent circuit shown in Figure 4C and in which R 1 represents the solution resistance, R 2 is the charge-transfer resistance, Wo1 is a Warburg impedance, and CPE is a constant phase element, introduced to account for non-ideality of the rough electrode surfaces. The impedance of the CPE is given by z CPE = Yiω −n , where ω is the angular frequency, i is −1 , and Y and n are fitting parameters (where n = 1 for a pure capacitor). Wo1 represents the impedance due to ion diffusion from the electrolyte and comprises the ohmic resistance (W-R), the diffusion time constant (W-T), and Warburg exponent (W-P). The best-fit values of all circuit parameters C° are shown in the Tables S2 and S3 in the Supporting Information and show that n was almost 1 in each case. From the best-fit parameters in Tables S2 and S3 , it is clear that the capacitance terms generally increase upon successively changing the electrode material from CN2600 to CN2900 in the aqueous electrolytes and that the resistance terms decreased over 4000 charge-discharge cycles when the cell was charged to 2 V, and 80% when the cell was charged to 3 V. The lower stability of the ionic liquid-when charged to the higher voltage is most likely due to irreversible reactions between the ionic liquid and the carbon surface at higher voltages, a factor that may be resolved by fine-tuning of the ionic liquid composition. 53 The specific energy and power, E s and P s , respectively, of the EDLCs containing the ionic liquid electrolytes were determined using the relationships respectively (based on the mass of carbon within the devices). Therefore, the combination of CN2900 and the ionic liquid ranks these materials among the highest-energy materials for supercapacitor devices (including those containing high-SSA carbons, and pseudocapacitive heteroatom-doped carbons, metal oxides, and conducting polymers). 10, 11, 15, 16, 23, 33, [56] [57] [58] [59] [60] [61] [62] [63] [64] In the presence of aqueous H 2 SO 4 , E s = 5.9 Wh kg −1 at a power of 1.0 kW kg −1 . As has been pointed out recently, it is also useful to compare specific energies and powers in context of full, packaged EDLCs, given that the packaging material, electrolytes etc. can comprise a significant mass of the full device. 48 Assuming that 30% of the mass of a packaged EDLC comprises the electrode material, which is typical for an AC-based device, 33 then practical energy densities of about 15 Wh kg −1 can be estimated for the ionic liquid-based systems which is three times larger than that of a typical packaged AC-based EDLC, higher than that of many new "high-end" EDLC devices 16 and devices based on pseudocapacitive conducting polymers, 23 and about as large as the energy density of a lead-acid battery. 33 In addition, the power (up to ~10 kW kg −1 ) at which high energies can be delivered exceeds that achievable by most battery systems. These performance characteristics are best illustrated by the Ragone plot in Figure 5 , which shows the energy and power densities of various electrochemical energy storage devices, when compared to our devices when charged and discharged at a range of powers (red and blue crosses). Clearly, the use of the CNT-based electrodes with the aqueous electrolyte results in a device that competes with the best EDLC systems available in terms of the mass-specific energy density, but which can achieve higher power at lower energies due to the mesoporosity of the carbon electrode materials. The use of the ionic liquid electrolyte, on the other hand, pushes the performance towards much higher energy densities and the devices clearly bridge the performance gap between conventional EDLCs and higher-energy Ni-MH, Li-ion and lead-acid battery systems. In other words, the combination of the CN2900 carbon as electrode material and ionic liquid electrolyte results in a device with energy density comparable to those of Ni-MH and lead-acid batteries but which can be charged and discharged in minutes.
It is important to note that the mass-specific energy and power are not the only factors that must be considered when developing a new electrode material for EDLCs. As has been pointed out by Gogotsi and Simon, many nanomaterials have low packing densities and, when incorporated into actual devices, the void areas will be flooded by electrolyte, potentially increasing the mass of the device significantly but without increasing its capacitance. 63 Therefore, the volumetric energy density of the devices should also be considered, particularly if thin-film devices, in which the mass of electrode materials is quite small, are to be fabricated. The density, ρ, of our CN2900 electrode material was determined using the following equation:
where V tot is the total pore volume (1.88 cm 3 for CN2900) and ρ T is the true density of carbon Wh L −1 for the device, which is very similar to that achievable by commercially-available cells. Therefore, thin film devices with performances comparable to those of commerciallyavailable devices could also be fabricated using our carbons. However, as described above, devices with dimensions comparable to those of commercial systems (100 to 200-μm thick films or about 10 mg/cm 2 of carbon film), in which the mass specific energy density is important, 63 will benefit particularly from the use of the materials described here and will offer energy storage/delivery solutions when simultaneous high energy and high power is required. 
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Conclusions
By chemically activating CNTs that are synthesised at 180 °C, porous carbons with specific BET surface areas higher than that of pristine graphene can be made and are extremely promising electrode materials for high-energy/high-power EDLCs. The best performing material, which is that activated at 900 °C and at a CNT/KOH ratio of 2, is highly mesoporous and yields specific capacitances of 172 F g −1 in acidic media and 150 F g density comparable to those of Ni-MH and lead-acid batteries but which, due to its ability to work at high powers, can be recharged in minutes. In addition to the excellent performance characteristics of the electrode materials, it is remarkable that the methods used to produce our electrode materials are very simple, scalable, and can be carried out in most laboratories with common laboratory equipment. Such readily-available materials could quite easily replace the state-of-the-art materials in commercial devices when simultaneous high energy and high power is a priority.
